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Generation of photon number states 
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The Visible Light Photon Counter (VLPC) has the capabihty to discriminate photon number 
states, in contrast to conventional photon counters which can only detect the presence or absence of 
photons. We use this capability, along with the process of parametric down-conversion, to generate 
photon number states. We experimentally demonstrate generation of states containing 1,2,3 and 4 
photons with high fidelity. We then explore the effect the detection efficiency of the VLPC has on 
the generation rate and fidelity of the created states. 
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Photon number states play an important role in quan- 
tum optics. Such states exhibit effects which contradict 
classical electromagnetic theory, such as anti-bunching 
and negativity of the Wigner function Q . They also have 
important practical applications. In optical telecommu- 
nication, they achieve an optimal channel capacity 0, 1^ ■ 
They can also improve the sensitivity of an interferom- 
eter to the Heisenberg limit In this limit, the min- 
imum detectable phase shift is inversely proportional to 
the number of photons, rather then the square root of 
the number achieved by the standard quantum limit. 

Recently, there has been tremendous effort in generat- 
ing single photon states. This is often achieved by using 
single emitters such as molecules, quantum dots, or di- 
amond color centers H E II II ES El- Although 
these sources hold great promise, they currently suffer 
from substantial collection losses. This creates a large 
vacuum contribution, which means that the generated 
state greatly deviates from one with exactly one photon. 
Furthermore, the extension of these devices to generat- 
ing higher order photon number states remains a diffi- 
cult problem. The generation of a two photon number 
state has been recently demonstrated in the microwave 
regime |l2j . using Rydberg atoms in a high-Q cavity. 
There have also been proposals for generation higher or- 
der optical photon number states using trapped atoms 
in an optical cavity [l^ . The implementation of these 
schemes remains experimentally challenging. 

There are generally two ways to engineer the quantum 
state of a system. The first is to start the system in a 
well known initial state, and turn on a unitary time evo- 
lution which transforms the initial state to the desired 
state. The second method is to make a non-destructive 
measurement of the quantum system, and project it onto 
the desired Hilbert space using the projection postulate 
of quantum mechanics. In this letter, we use the latter 
method of projection and conditional post-selection to 
generate a photon number state. This is done using the 
non-linear process of parametric down-conversion (PDC) 
in conjunction with a photon number detector known as 
the Visible Light Photon Counter (VLPC). In PDC, a 



bright pump field is injected into a material which ex- 
hibits a second order non-linear dipole response. This 
non-linearity can cause a pump photon to spontaneously 
split into two photons of lower energy, referred to as the 
signal and idler. By appropriately adjusting the phase 
matching conditions of the process, the signal and idler 
can be made to propagate in different directions, allowing 
them to be spatially resolved. Since these two photons 
always come in pairs, if a signal photon is detected, there 
must be an idler photon in the conjugate mode. If a pho- 
ton counter is placed in front of the signal arm and de- 
tects one photon, the corresponding idler arm is prepared 
in a state containing only one photon by the projection 
postulate of quantum mechanics. The photon counter in 
essence performs a non-destructive measurement of the 
idler arm. 

The above scheme can be extended to generation of 
higher order number states. Suppose a short pump laser 
pulse is injected into a non-linear crystal. We can define 
the photon number operator n = /j, (t) a (t) dt, where 
the integral is taken over the pulse duration of the pump 
and a (t) is the bosonic photon annihilation operator in 
the time domain. If n signal photons are detected by a 
photon counter in a given pulse, then the idler pulse is 
projected onto a state [ipi) which satisfies the condition 



hlipi) = nlV-j). 



(1) 



That is, the idler mode is an eigenstate of the number op- 
erator with eigenvalue n. States which satisfy this special 
property are known as photon number states. 

In order to implement the above scheme, the photon 
counter must be able to determine the exact number of 
photons in the signal arm within the short time duration 
of the pump pulse. Conventional photon counters such as 
avalanche photo-diodes (APDs) cannot do this, because 
they suffer from long dead time and large multiplication 
noise. Such detectors can only distinguish the zero pho- 
ton case from the non-zero photon case in a pulse, making 
it impossible to generate photon number states. 

Recently, a new type of photon counter known as 
the Visible Light Photon Counter (VLPC) lli|, has 
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FIG. 1: Experimental setup for photon number generation. 



been shown to have the capabihty to distinguish dif- 
ferent pho ton number states with high quantum effi- 
ciency When two photons are simul- 
taneously detected by the VLPC, it generates an electri- 
cal pulse which is twice as large. This pattern holds for 
higher photon numbers. The pulse height can then be 
used to determine the number of detected photons. 

The VLPC can do photon number detection due to two 
unique properties. First, the VLPC has an active area of 
1mm in diameter. When one photon is detected, it forms 
a 5/zm diameter dead spot on the detector surface, leav- 
ing the rest of the active area available for subsequent 
detection events. As long as the probability that two 
photons land on the same spot is small, which is true if 
the incident light in not too tightly focussed, all of the 
photons will be detected. This circumvents the dead time 
problem which conventional APDs suffer from. Second, 
the VLPC has extremely low multiplication noise. Mul- 
tiplication noise refers to the fluctuations in the number 
of electrons emitted by a detector in response to a pho- 
todetection event. These fluctuations limit the ability of 
the detector to infer photon number • Multiplication 
noise is quantified by a parameter known as the Excess 
Noise Factor F — (M^)/(M)^, where M is the number of 
electrons emitted by the detector due to a photon detec- 
tion. In the ideal limit where F = 1, the detector emits 
a deterministic number of electrons for each detection. 
APDs with single carrier multiplication, which achieves 
the best noise performance, still have a large excess noise 
factor of _F = 2 |l9l |. making it impossible to discrimi- 
nate photon numbers. The VLPC, in contrast, achieves 
nearly noise free multiplication with F = 1.03 (l& . .20i |. 

The experimental setup for generating photon num- 
ber states is shown in Figure ^ A 266nm pump source 
is generated from the fourth harmonic of a Q-switched 
Nd:YAG laser. The pump pulses have a duration of 20ns, 
and a repetition rate of 45kHz. A dispersion prism sepa- 
rates the fourth harmonic from the residual second har- 
monic, which is used to illuminate a high speed photodi- 
ode to generate a triggering signal. The fourth harmonic 
pumps a BBO crystal, which is set for non-coUinear de- 
generate phase-matching. In this condition, the signal 
and idler waves are both 532nm in wavelength and have 
a divergence angle of 1 degree from the pump. The pump 



is loosely focused before the BBO crystal to achieve a 
minimum waste at the collection lens. This results in a 
sharper two-photon image which enhances the collection 
efficiency |2ll |. 

Two VLPC detectors are used in this experiment. 
Each detector is held in a separate helium bath cryostat 
and cooled down to 6-7K, which is the optimum operat- 
ing temperature. The VLPC is sensitive to photons with 
wavelengths of up to 30/^m, so it must be shielded from 
room temperature thermal radiation. This is achieved by 
encasing the detector in a copper shield, which is cooled 
down to 6K. Acrylic windows at the front of the copper 
shield are used as infra red filters. These windows are 
highly transparent at visible wavelengths and simultane- 
ously nearly opaque at 2-30/im wavelengths. 

VLPC 1 is used as the triggering detector which de- 
tects the number of photons generated in the signal arm 
on a given laser pulse. The output of VLPC 1 is amplified 
by an integrating amplifier, which generates an electrical 
pulse whose height is proportional to the number of emit- 
ted electrons. The height of the pulse is discriminated by 
a single channel analyzer (SCA). A logical AND is per- 
formed between the output of the SCA and the output of 
the photodiode to reject all detection events which occur 
outside of the pulse duration. Figure [SJi shows a pulse 
height histogram of VLPC 1. This histogram features a 
series of peaks corresponding to different photon number 
states. The SCA can select pulse heights corresponding 
to one, two, three, and four photon events. The decision 
window set by the SCA for each photon number event is 
shown by the shaded areas in the figure. 

VLPC 2 is placed in the idler arm, and used to ver- 
ify that the correct photon number state was generated. 
The output of VLPC 2 is amphfied, and connected to 
the signal input of a boxcar integrator. On each pulse 
from the SCA, the output of VLPC 2 is integrated over a 
2^s window, which is sufficiently large to encompass the 
entire electrical pulse (determined by the bandwidth of 
subsequent amplifiers). Figure shows a pulse area dis- 
tribution of VLPC 2 with no post-selection from VLPC 
1, at a pump excitation power of 40/iW. This distribution 
also features a series of peaks corresponding to the differ- 
ent photon numbers, starting with the first peak which 
is a zero photon event. In order to calculate the photon 
number distribution, each peak is fit to a gaussian. The 
area of each gaussian is normalized by the total area of all 
the peaks. The calculated photon number distribution is 
shown in the inset. 

Both VLPCs have imperfect detection efficiencies due 
to internal detection losses of the VLPC itself, as well 
as external losses from the collection optics. The effi- 
ciency is measured by comparing the coincidence rate be- 
tween the two detectors to the singles count rates. From 
this measurement we determine the detection efficiency 
of VLPC 1 to be 0.68, and VLPC 2 to be 0.58. 

The detection efficiency of the monitoring detector 
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FIG. 2: Photon number detection from the VLPCs. a, pulse 
height histogram from VLPC 1 after an integrating amph- 
fier. The histogram features a series of peaks corresponding 
to the photon number distribution of the parametric down- 
conversion output. An SCA is used four different regions, 
corresponding to the different photon number events, shown 
by the shaded regions, b, a pulse area histogram of VLPC 2 
when no post-selection is done from VLPC 1. Each peak is 
fit to a gaussian to calculate the photon number distribution, 
shown in the inset. 



(VLPC 2) can be corrected for, because we are inter- 
ested mainly in how many photons were actually present 
in the idler arm, not how many have been detected. 
To do this, we can define pj as the probabihty that 
j photons were generated in the idler pulse, and fi as 
the probability that i photons were detected. These 
two probabilities are related by the linear loss model 
fi = X^j^i (i)'?' ~ Vy~^ Pi- The above transformation 
needs to be inverted. In order to do this we truncate the 
photon number distribution at some number n, which is 
sufficiently large so that p{n -I- 1) w is a good approx- 
imation. The initial and final probability distributions 
are then related by a constant matrix, which can simply 
be inverted. This matrix can also be modified to account 
for dark counts in a straightforward way. 

The detection efficiency of the triggering detector 
(VLPC 1) plays a more subtle role in the experiment. De- 
tection losses can result in a higher order photon number 
state being misinterpreted by the detector as the correct 
photon number. Because of this, the probability distri- 
bution in the idler arm will no longer be an exact photon 
number, but a mixture of the desired number plus higher 
order number states. This results in a degradation of the 
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FIG. 3: Results of the photon number generation experiment. 
The photon number distributions, after correcting for detec- 
tion efficiency and dark counts of VLPC 2, are plotted for 
the reported number n=f,2,3, and 4 by VLPC 1. The de- 
tection efficiency and dark counts of VLPC 2 are measured 
independently. 



fidelity, defined as the overlap between the desired state 
and the actual generated state. For a state containing 
n photons the fidelity is simply the probability that n 
photons are generated. 

When the pumping intensity is low, the efficiency of 
the triggering detector does not play a major role. If 
the triggering detector sees 7i photons, it is true with 
very high probability that the same number of photons 
are present in both arms. The probability that there 
were more photons present is extremely low, because low 
pumping intensity makes the probability of generating 
higher order photon pairs negligible. Figure 13 shows 
the experimental results at this low pumping intensity 
regime. The figure shows the photon number distribu- 
tions measured by VLPC 2, after correcting for detection 
efficiency and dark counts, when VLPC 1 post-selects a 
one, two, three, and four photon event. For one, two, and 
three photon post-selection, a nearly ideal photon num- 
ber state is generated. For four photon post-selection 
however, there are contributions from three and five pho- 
ton number states. These contributions are attributed to 
the smearing between the four photon peak and its next 
nearest neighbors in the pulse height histogram of VLPC 
1 (Fig. IS^l). The smearing is caused by buildup of mul- 
tiplication noise, which puts a limit on the photon num- 
ber resolution at higher numbers ^Mi- Note that, in a 
few cases, the corrected probability distribution becomes 
negative. This erroneous effect is caused by numerical 
errors in the probability reconstruction. 

As we increase the pumping power, the imperfect de- 
tection efficiency of VLPC 1 will result in degraded fi- 
delity, as was previously discussed. On the other hand, 
higher pump powers will increase the probability that the 
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FIG. 4: The generation rate (circles) and fidelity (squares) are 
plotted as a function of pump power. The fidelity corresponds 
to the left y-axis, while the generation efficiency corresponds 
to the right y-axis. 

correct number of photons were generated, and hence the 
generation rate of the desired photon number state. This 
leads to a natural tradeoff between the state fidelity and 
generation rate of photon number states. The extent of 
the tradeoff is determined mainly by the detection effi- 
ciency of VLPC I. In order to determine this tradeoff, 
we measure the fidelity and generation rate as a func- 
tion of pump power for the four different photon number 
states. The results are shown in Figure^ For all four 
cases, increasing the pump power results in higher gener- 
ation rates but decreased fidelity. In the figure, four data 
points are labelled as a, b, c, and d. These points desig- 
nate the pumping intensity before the fidelity begins to 
drop for one, two, three, and four photon number states. 
The generation rate and fidelity at these four points are: 
a - 11800 Hz and Fi=1.0, b -1100 Hz and ^2=0.94, c - 
160 Hz and ^3=0.95, d - 84 Hz and ^4=0.6. The above 
generation rates are already large enough to be useful 
for practical experiments. These rates are achieved using 
only a 45kHz pump repetition rate. The rates could be 
significantly enhanced by simply using a pump laser with 
a faster repetition rate. 

We conclude by discussing some of the future exten- 
sions of this work. There are two main drawbacks to the 
experimental scheme we present in this letter. First, the 
setup does not allow for generation of photon number 
states on demand. The time in which the number state 
is generated is known but uncontrollable. This problem 
can be solved in principle by setting up a large parallel 
array of photon number generators along with an optical 
switch. By making the array large, the probability that 
at least one of the number state generators will generate 
the right photon number can be made arbitrarily close to 
unity. Of course, with the current setup such a solution 
is impractical, but perhaps the engineering of VLPC ar- 
rays, along with more compact two photon sources based 
on waveguide technology, may make such a solution pos- 



sible. 

The second drawback of our experiment is that the 
pump pulse to the down-conversion crystal has a 20ns 
duration, as opposed to the coherence time of the down- 
converted photons which is on the order of femtosec- 
onds. This means that, although the states we generate 
are eigenf unctions of the photon number operator, the 
quantum mechanical wavefunctions of the photons is not 
fixed. In fact the wavefunction of each photon will gen- 
erally fluctuate from shot to shot. A more ideal source 
would generate a state in which both the number and 
wavefunction of the photons is constant. The best case 
scenario would be the generation of a so-called n-photon 
Fock state, which is a state containing n-photons with 
identical wavefunctions. Our setup could be extended to 
generate such a state by replacing the pumping laser with 
a femtosecond pulse laser, so that the pulse duration is 
on the order of the coherence length of the photons. This 
could open up the door for interesting new experiments 
in quantum information using photon number states. 
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